Rational design of smart MRI contrast agents with high specificity for metal ions remains a challenge. Here, we report a general strategy for the design of smart MRI contrast agents for detecting metal ions based on conjugation of a DNAzyme with a gadolinium complex. The 39E DNAzyme, which has high selectivity for UO 2
Metal ions play critical roles in many biological systems. However, the important and vital functions of many metal ions are oen offset by toxicity when the metal ions are in excess or when non-physiological metal ions, such as heavy metal ions, are present. In order to achieve a deeper understanding of the mechanisms by which these metal ions exert their benecial or deleterious effects, tools that can monitor these metal ions in biological systems are required. Toward this goal, tremendous effort has been applied towards developing different types of metal ion sensors, such as uorescent, colorimetric, and electrochemical sensors. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] Among them, magnetic resonance imaging (MRI) is unique, as it is the only type that allows noninvasive three-dimensional imaging in vivo. Critical to the success of this method is the development of MRI contrast agents, which are paramagnetic compounds such as Gd(III) chelates or superparamagnetic iron oxide nanoparticles, used to alter the magnetic relaxivity in different tissue types. Accordingly, a smart contrast agent is the combination of an MRI contrast agent with a selective reagent that allows for target detection by alternating the magnetic relaxivity. [13] [14] [15] [16] [17] Meade and coworkers pioneered this area by developing a smart contrast agent for the detection of Ca 2+ . 18 Since that time, T 1 -weighted smart contrast agents have been developed for the recognition of Ca 2+ , 19 Zn 2+ , 20, 21 and Cu 2+ . 22, 23 However, the rational design of smart contrast agents with high specicity for a specic metal ion remains a signicant challenge. First, it is difficult to design and synthesize molecules that can recognize different metal ions in their different oxidation states with high binding affinity and selectivity. Additionally, transforming the binding into an MRI signal without affecting the selectivity is not trivial.
In order to design smart MRI contrast agents for a wide range of metal ions, a target recognition domain with high selectivity and specicity must be combined with the imaging domain. However, the rational design of a gadolinium complex that is selective for one metal ion over others can be very challenging and oentimes is the major roadblock to progress. To meet this challenge, the use of combinatorial selection processes can be applied. Metal ion-responsive DNAzymes are excellent candidates for this purpose. 24, 25 DNAzymes are catalytic DNA molecules that are obtained through in vitro selection or Systematic Evolution of Ligands by Exponential Enrichment (SELEX) from a large random DNA library consisting of up to 10 15 different sequences. [26] [27] [28] [29] [30] The broad range of sequence space allows for a wide variety of secondary and tertiary structures, enabling a large range of possible reactivities including catalyzing RNA hydrolysis, 31 Diels-Alder reaction, 32,33 and dephosphorylation. 34 A powerful advantage of the use of DNAzymes is that the selection conditions may be controlled to nd DNAzymes specic for a particular metal ion of interest, without advance knowledge of what specic sequence or binding motif is necessary. Finally, DNA is relatively simple to synthesize and modify, and thus once a DNAzyme is selected, the modication of that DNAzyme for different signal outputs is straightforward. As a result, a number of DNAzymes have been selected, and developed into uorescent, colorimetric, and electrochemical sensors. [35] [36] [37] [38] [39] [40] [41] [42] [43] However, to date no smart MRI contrast agents based on DNAzymes have been reported.
In this work, we report a smart T 1 -weighted MRI contrast agent for uranyl, based on the conjugation of a uranyl-selective DNAzyme with a Gd-DOTA contrast agent. Since DNAzymes can be selected for any metal ion of interest, and the conjugation chemistry and signal transduction can be applied to any DNAzyme system, this method can be used for development of smart MRI contrast agents for a wide variety of metal ions and can thus help expand our understanding of the role of metal ions in biology.
In order to develop a smart MRI contrast agent with switchable relaxivity in response to the presence of uranyl, a uranylselective 39E DNAzyme is chosen to combine with MRI imaging agent Gd-DOTA. The 39E DNAzyme consists of an enzyme strand called 39E, which is able to catalyze the hydrolysis of a substrate strand called 39S, containing a scissile ribonucleotide adenosine (rA) in the middle (Fig. 1) . 44, 45 This DNAzyme was isolated through in vitro selection and has a high binding affinity for
Because of these properties, the 39E DNAzyme has also been developed into uorescent and colorimetric sensors for UO 2 2+ with detection limits down to 45 pM, and selectivity of more than a million fold. The design of the 39E DNAzyme-based smart MRI contrast agent is shown in Fig. 1 . The enzymatic strand 39E (green) contains a biotin at its 3 0 end, which is used to couple to streptavidin. The Gd-DOTA is attached to the 5 0 end of the substrate strand 39S (black) through an amine-carboxylic acid coupling reaction (vide infra). At ambient temperature, these two strands are hybridized forming a stable structure containing the large streptavidin protein, because the melting temperature of the two DNA strands is above room temperature. In the presence of UO 2 2+ , however, the DNAzyme can cleave the 39S strand. The resulting shorter fragments have lower melting temperature, which is below ambient temperature, thus allowing a release of the cleaved 39S strand containing the Gd-DOTA from the enzyme strand and the large streptavidin with high molecular weight. Based on SolomonBloembergen-Morgan theory, the relaxivity of the gadolinium compound is regulated by the rotation correlation time. 13 Since larger molecules have longer rotation correlation time, changing the size of the gadolinium compound leads to a change of its relaxivity. 46 Therefore, aer the cleavage and release of the 39S strand, the relaxivity of Gd-DOTA associated with the much smaller cleaved product is changed, indicating the presence of uranyl cations. We have previously used a similar principle in developing a smart MRI contrast agent system for adenosine. 47 Compared with previously reported smart MRI contrast agents based on superparamagnetic iron oxide nanoparticles, 48,49 the Gd-DOTA-based contrast agent is smaller and, therefore easier to use for potential intracellular imaging.
To our knowledge, the activity of 39E has not been reported at high concentrations of streptavidin. As streptavidin may bind to UO 2 2+ non-specically and affect the activity of the DNAzyme, it is important to test the activity of the 39E DNAzyme in the presence of streptavidin. To perform the experiment, 30 mM of the 39E DNAzyme and carboxyuorescein-labeled 39S were dissolved in 50 mM MES-Na (pH 5.5) buffer. The solution was heated up to 90 C and cooled to ambient temperature over one hour. Streptavidin was added into the solution at a concentration of 30 mM. The solution was incubated with different concentrations of the uranyl cation ranging from 0.2 to 10 mM for 30 min. The reaction was then quenched upon the addition of 8 M urea and 100 mM EDTA and the product was analyzed by denaturing gel electrophoresis. As shown in Fig. 2 , in the presence of 0.2 mM uranyl, only a very small amount of 39S was cleaved. When the uranyl concentration increased to 0.5 mM, $20% 39S was cleaved. The percentage of cleavage further increased to $65% with the incubation of 10 mM uranyl. Although the activity of 39E decreases in the presence of a high concentration of streptavidin when compared to previously reported results, the 39E DNAzyme remains fully functional and can be used for quantitative detection of UO 2 2+ .
The DOTA was rst conjugated to the 5 0 end of the amine modied DNA strand through an amine-carboxylic acid coupling reaction (Fig. 3) . In a typical reaction, NHS activated DOTA was dissolved in acetonitrile at a concentration of 0.5 mg mL À1 . Modied DNA strands were dissolved in 50 mM carbonate buffer (pH 10) at a concentration of 25 mM. Aliquots of the NHS-DOTA solution (4 mL) were added into 1 mL DNA solution once per hour for ve hours. During the synthesis process, the mixture was shaken gently at 4 C. The mixing was continued for another 3 to 5 hours aer the nal addition. The product was then desalted on a C-18 cartridge (Sep-Pak, Waters) and checked by MALDI-MS. A typical yield for conjugated DNA with less than 20 bases is 85-95%. It is critical to keep the entire synthesis free from metal contamination, as DOTA is a strong chelator for almost all metal cations. To incorporate Gd(III) into the above DOTA-DNA conjugate, the DOTA conjugated DNA was dissolved in 50 mM acetate buffer (pH 5.55) at a concentration of 150 mM; GdCl 3 solution (10 mM) was added until the concentration reached 180 mM. GdCl 3 and DNA-DOTA solutions were mixed slowly and evenly to avoid precipitation. The solution was then kept at 75 C for 30-45 min, and the nal product was puried by size exclusion chromatography (PD10, GE Health Care Life Sciences) and lyophilized.
To investigate whether such synthesized DNAzyme-based smart contrast agents can be used for quantitative MRI sensing of UO 2
2+
, the T 1 relaxation time of the 39E smart contrast agent was measured aer incubation with different concentrations of UO 2 2+ . As shown in Fig. 4a In conclusion, we have designed and demonstrated the smart T 1 -weighted MRI contrast agent for uranyl detection based on the 39E DNAzyme. It exhibits T 1 response to uranyl quantitatively and selectively. As different DNAzymes for a wide range of metal ions are achievable through in vitro selection, the method shown here can be applied to other metal ions based on an appropriate choice of DNAzyme.
This work was supported by the U.S. National Institutes of Health (ES16865) and the Department of Energy (DE-FG02-08ER64568). We wish to thank Drs. Thomas Meade, Keith MacRennaris, and Ying Song of Northwestern University for helpful discussions and the use of their relaxometer, Dr. Edward Treadwell of Eastern Illinois University for the use of his 60 MHz NMR spectrometer, and Ms Nancy Dodge for the acquisition of the MRI signals.
Notes and references

